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The structurally simplest Fe-based superconductor FeSe with a critical temperature Tc ≈ 8.5 K
displays a breaking of the four-fold rotational symmetry at a temperature Ts ≈ 87 K. We investi-
gated the electronic properties of FeSe using scanning tunneling microscopy/spectroscopy (STM/S),
magnetization, and electrical transport measurements. The results indicated two new energy scales
(i) T ∗ ≈ 75 K denoted by an onset of electron-hole asymmetry in STS, enhanced spin fluctuations,
and increased positive magnetoresistance; (ii) T ∗∗ ≈ 22 - 30 K, marked by opening up of a partial
gap of about 8 meV in STS and a recovery of Kohler’s rule. Our results reveal onset of an incipient
ordering mode at T ∗ and its nucleation below T ∗∗. The ordering mode observed here, both in spin
as well as charge channels, suggests a coupling between the spins with charge, orbital or pocket
degrees of freedom.
PACS numbers: 74.70.Xa, 74.25.F, 75.25.Dk, 74.55.+v
Soon after the discovery of superconductivity in
LaFeAsO1−xFx with a transition temperature Tc ≈ 26 K
[1], several other superconducting iron-based materials
have been found [2–4]. The maximum Tc achieved so
far in bulk samples of iron pnictides is 56 K [5, 6], sec-
ond to only the high-Tc cuprates. The generic phase
diagrams of Fe-based superconductors (Fe-SC) and the
high-Tc cuprates are remarkably similar; in both cases
superconductivity emerges when the long-range antifer-
romagnetism is suppressed. While the pairing mecha-
nism for high-Tc superconductivity still remains elusive
[7] in both families, spin-fluctuations are considered as
one of the essential ingredients. The symmetry of the
superconducting order parameter in the case of Fe-SC
appears to be extended (possibly nodal) s-wave [8–10],
but other types of symmetries specific to the individual
materials have also been considered [11].
Another feature ubiquitously found in the phase dia-
grams of cuprates, is the pseudogap (PG) state. In con-
trast, parent Fe-based superconductors display a struc-
tural phase transition at a temperature Ts, which is usu-
ally accompanied by a spin density wave (SDW) order
at temperature TN ≤ Ts. Also, the structural transition
spontaneously breaks the rotational symmetry of the un-
derlying electronic system by lifting the degeneracy of
the dxz/dyz orbitals on Fe. In the cases where TN < Ts,
the resulting low-symmetry, orbitally ordered state in the
temperature range TN < T < Ts is referred to as a ne-
matic state by preferring Ising spin-fluctuations as a main
driving force of the structural phase transition, albeit the
origin of this nematic state is a matter of intense debate
[12].
However, FeSe, the structurally simplest member of
the Fe-SC (Fig. 1(a)), poses challenges to the spin-
nematic picture. This is because it exhibits a struc-
tural transition from a tetragonal P4/nmm to an or-
thorhombic Cmma phase at Ts ≈ 87 K [13, 14] and a
superconducting transition at Tc ≈ 8.5 K [4], but does
not order magnetically down to T = 0. Nonetheless,
spin fluctuations have been detected in nuclear magnetic
resonance (NMR) [15–17] and neutron scattering exper-
iments [18, 19]. At Ts, a spontaneous orbital ordering
[15] and softening of the shear modulus has been ob-
served [16, 20]. Several angle-resolved photo-emission
spectroscopy (ARPES) measurements [20–25] report one
small hole pocket at the center (Γ-point) of the Brillouin
zone and one electron pocket at the M -point, but the
interpretations of the temperature evolution of the band
structure determined by ARPES do not agree with each
other. Quantum oscillation measurements [20, 26, 27] are
in agreement with the ARPES results concerning the hole
pocket, but the electron pocket detected in these experi-
ments seems not the same as the one observed in ARPES
[20]. Based on their results Watson et al. [20, 27] sug-
gested a scenario with two electron pockets, but only one
hole pocket at the Fermi level EF. Similar conclusions
were drawn from a mobility spectrum analysis of trans-
port data, in which, in addition to compensated hole and
electron type carriers, additional ultra-fast electrons with
Dirac cone-like dispersion were detected [28]. These re-
sults suggest that several competing interactions result
in a complex Fermi surface below Ts in FeSe.
Here we investigate FeSe single crystals using scan-
ning tunneling microscopy/spectroscopy (STM/S), mag-
netization, and electrical transport measurements. The
results show evidence for two new energy scales T ∗ and
T ∗∗ below Ts. Our results indicate that T
∗ represents
the onset of an incipient order associated with enhanced
spin fluctuations. Static nucleation of this mode below a
second temperature T ∗∗ appears to lead to a coupling be-
tween the spins with electronic charge, orbital, or pocket
degrees of freedom as this temperature is discernible in
anomalies of transport data and STM spectra.
Our experiments were conducted on single crystalline
2FIG. 1. (a)Tetragonal crystal structure of FeSe. (b) STM to-
pography on an area of 10 nm × 10 nm, and (c) a topographic
image over a larger area of 40 nm × 40 nm, completely free
of impurities and defects. The bias voltage and the tunneling
currents in both cases were set at Vg = 0.02 V and Isp =
0.6 nA.
FeSe grown by chemical vapor transport by taking a mix-
ture of powdered FeSe and transport agent AlCl3 in the
ratio 50:1. By this method, a layer-by-layer growth along
the c-axis was achieved. Our samples studied here dis-
played expected behavior of bulk superconductivity with
Tc ≈ 8.5 K, and a structural transition at Ts ≈ 87 K.
A complete characterization proving a high quality of
the crystals used here can be found in Ref. [14]. The
samples can easily be cleaved along the (001) plane. A
total of four samples were cleaved in an ultra-high vac-
uum (UHV) chamber at around 20 K for STM experi-
ments. The surface termination after cleaving contains
a charge-neutral Se layer and hence, it is expected to
provide an ideal, non-reconstructed surface for STM in-
vestigations. The tunneling spectroscopy was performed
in the temperature range 6 - 95 K. The tunneling spectra
were typically measured over an area of 5 nm × 5 nm,
with a pixel resolution of 1 nm. The resistivity, trans-
verse magnetoresistance (MR), and Hall-effect measure-
ments in magnetic fields up to 9 T were conducted in
a physical property measurement system (Quantum De-
sign) with current along the tetragonal a-axis and mag-
netic field applied along the c-axis. The magnetization
measurements were performed in a SQUID magnetome-
ter (Quantum Design) with field applied parallel to the
ab-plane.
The topography of an in situ cleaved FeSe single crys-
tal revealed atomically flat and largely defect-free Se-
terminated (001) surfaces, Fig. 1(b) and (c). The Se-Se
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FIG. 2. (a) Raw tunneling spectra in the temperature range 6
- 40 K. (b) Normalized tunneling spectra in the temperature
range 6 - 30 K. The yellow shaded region represents the energy
scale of T ∗∗. (c) Raw tunneling spectra in the temperature
range 60 - 95 K. The spectra are shifted vertically for clarity.
For all the spectroscopy measurements, Vg = 0.02 V and Isp
= 0.6 nA before opening the STM feedback loop. The bias
modulation amplitude was set to 0.1 mVrms.
distance aSe−Se= 3.7(±0.1) A˚ observed at T = 6 K is in
good agreement with the distance of 3.7702(5) A˚ found
in X-ray diffraction on our crystals. Note that, because
the orthorhombic distortion in FeSe is less than 0.5%, the
expected rhombus structure of the Se-terminated surface
can not be resolved from the STM topography.
Spectroscopy conducted by means of an STM is a pow-
erful technique if small energy gaps of the order meV at
EF are to be investigated. This is because the differential
tunneling conductance g(V )= dI(V )/dV is, within sim-
plifying approximations, proportional to the DOS at EF.
The area-averaged spectra g(V ) obtained in the temper-
ature range 6 - 40 K are presented in Fig. 2(a). The g(V )
curves display a strong asymmetry for positive and nega-
tive bias voltages, which indicates an uncompensated na-
ture of the electronic structure at these low temperatures.
The higher values of g(V ) for the negative bias voltages
indicate more electron-like carriers around EF. At 6 K,
i.e., only about 2.5 K below Tc, the superconducting gap
as well as the accompanying coherence peaks are visible,
particularly after normalization, Fig. 2(b). Since the
g(V ) obtained at 40 K, i.e., well above Tc, is essentially
featureless in the low energy regime, it is used for nor-
malizing the g(V ) data collected at 6 K. A symmetrized
and normalized 6 K spectrum was fitted to the Dynes gap
function [30, 31]. Because the Dynes function fails to de-
scribe all the spectral features (see Fig. S1 in [29]) and
since the position of the coherence peaks overestimates
the gap magnitude due to the effects of thermal smear-
ing on the tunneling spectroscopy at 6 K, we determined
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FIG. 3. (a) Resistivity ρ(T ) measured in magnetic fields of 0,
1, 3, 5, 7, and 9 T. (b) The difference between ρ(T ) measured
in a field of 9 T and 0 T. The curve displays a change of slope
at T ∗ ≈ 75 K as shown by the black line. The magnetic field
dependence of the magnetoresistance MR in the temperature
range (c)15 - 50 K and (d) 55 - 120 K. (e) and (f) Magnetiza-
tionM(T ) measured for different applied fields after zero-field
cooling the sample. T ∗ represent the onset temperature of the
spin fluctuations.
the gap size 2∆6K = 3.51± 0.02 meV from the full-width
at half-minimum of the symmetrized curve. This yields
2∆6K/kBTc = 4.76. We estimate ∆(T → 0) ≈ 2.19 meV
in close agreement with the value reported for FeSe single
crystals [21, 32] as well as thin films [33, 34].
Upon increasing temperature, two features can be dis-
cerned from the temperature evolution of g(V ): (i) the
superconducting gap and coherence peaks disappear at
around 8-9 K, as expected from Tc ≈ 8.5 K. (ii) a gap-
like suppression in the DOS at EF persists well above
T > Tc; a corresponding hump at about -8 meV can eas-
ily be traced at least up to 20 K in Fig. 2(a, b). Since the
bottom (top) of the electron (hole) band is found to be
only a few meV away from EF [10, 21], the width of this
suppression is difficult to estimate. Further, the g(V ) as
measured here is not sensitive to the momentum. Hence,
at present it is not clear which part of the electronic band
structure is suppressed, or may be even gapped, in mo-
mentum space. Above T ≈ 22 K, features in the spectra
fade away due to the effects of thermal broadening, as
inferred from Figs. S2 [29]. This implies that 22 K is the
lower limit for the onset temperature of the partial gap
that can be determined from STM spectroscopy data.
To address the origin of the electron-hole asymmetry in
the band structure, the temperature dependence of g(V )
was investigated up to T > Ts ≈ 87 K. In Fig. 2(c),
the tunneling spectra in the temperature range 60 - 95 K
are presented. Above T ∗ ≈ 75 K, the tunneling spectra
tend to become symmetric indicating that the electron-
hole asymmetry observed at lower temperatures is likely
related to enhanced spin fluctuations. Such enhanced
spin fluctuations are known to exist below Ts and they
will be discussed below.
In order to examine whether the above mentioned con-
jecture is correct, we performed electrical transport and
magnetization measurements. This also ensures that the
properties we observe by STM are related to the bulk
properties of the samples. The temperature dependence
of the resistivities ρ(T ) in different magnetic fields are
presented in Fig. 3(a). ρ(T ) displays an overall metallic
behavior with a small anomaly at the structural tran-
sition marked by Ts. The magnetoresistance MR =
[ρ(H) − ρ(0)]/ρ(0) is positive below Ts. In Fig. 3(b),
the difference between ρ(T ) measured in a field of 9 T
and 0 T is plotted. This curve displays a change of slope
at a temperature T ∗ ≈ 75 K. Note that, in our interpre-
tation, T ∗ is not a well defined temperature, but rather a
cross-over energy scale. This is supported by Fig. 3(b).
Below T ∗, the MR is dramatically enhanced as seen also
in Figs. 3(c) and (d), where the field dependencies of
the MR are plotted. For T > T ∗, however, the MR
is about 1% (Fig. 3(d)), which is an expected behav-
ior of conventional metals. Figs. 3(e) and (f) present
the magnetization M(T ) measured in fields of 0.02 T
and 1 T, respectively. A distinct down-turn observed
at 75 K in Fig. 3 (e) suggests an onset of antiferromag-
netic spin-fluctuations. The magnetization measured in a
field of 1 T presented in Fig. 3(f) shows a tiny anomaly
at Ts ≈ 87 K(marked by an arrow in Fig. 3(f)). In
contrast to the low-field case, however, the magnetiza-
tion displays a broad minimum and then increases upon
further decreasing the temperature, before entering into
the superconducting phase at 8.5 K. As expected, M(T )
measured at 1 T resembles the temperature dependence
of the spin-lattice relaxation rate 1/T1T measured in the
NMR studies of FeSe [15–17]. The strong enhancement
of the positive MR below T ∗ can thus be related to a
T -dependent anisotropic scattering of the charge carriers
induced by the spin fluctuations below T ∗.
The above picture is also confirmed by the scaling be-
havior of the MR. If the scattering rates for charge car-
riers are isotropic, i.e., equal at all points of the Fermi
surface, the MR should scale with magnetic field H via
an arbitrary function F [H/ρ(0)] regardless of the topol-
ogy of the Fermi surface, a behavior known as Kohler’s
rule [35]. In Figs. 4(a) and (b), the Kohler plot for FeSe
in the temperature range 20 - 120 K is presented. All the
4MR data at T ≤ 30 K scale onto a single curve. This al-
lows us to define a second energy scale T ∗∗ ≈ 22−30 K, a
temperature below which Kohler’s rule is valid and a par-
tial gap is observed in STS. However, the scaling is not
valid, i.e., Kohler’s rule is violated, for the range 30 K
< T ≤ 70 K suggesting anisotropic scatterings of the
charge carriers in this temperature range. For tempera-
tures above T ∗, as seen in Fig. 4(b), the scaling of MR
is obeyed again, in line with the statement above that
FeSe behaves as a conventional metal at these temper-
atures. Thus, our results suggest that the anisotropies
of the Fermi surfaces are associated with the spin fluc-
tuations rather than the structural phase transition at a
higher temperature Ts ≈ 87 K.
The validity of Kohler’s rule below T ∗∗ can be ex-
plained by considering nesting driven spin or charge den-
sity wave (CDW) fluctuations. The quasiparticle scatter-
ing by these density wave fluctuations is momentum de-
pendent [36, 37] as indicated by a peak of the spin/charge
susceptibility in momentum space along the possible or-
dering (nesting) vectors Q. Those parts of the Fermi sur-
faces that are connected by the ordering vectors Q are
known as hot spots, where scattering is expected to be
strong, and quasiparticle life-times are short. The con-
verse is true for the cold parts of the Fermi surface. Vio-
lation of Kohler’s rule supports the existence of hot spots
and cold parts in momentum space with anisotropies in
their scattering rates, yet both contributing to the trans-
port. However, below T ∗∗, the MR data collapse onto
a single curve indicating the suppression of anisotropic
scatterings due to opening up of a gap, presumably at
the hot spots of the Fermi surface. Thus, the results of
the transport measurements are highly consistent with
those of the tunneling experiments.
The Hall effect measurements on FeSe are also in ac-
cordance with the above interpretation. In Fig. 4(c),
the Hall resistivities, ρxy(H), measured at different tem-
peratures are presented. The initial Hall coefficient
RH→0(T ) =
δρxy(T )
δH
|H→0 is given in Fig. 4(d). RH→0(T )
does not show a significant change at Ts, but goes
through a maximum at THallmax ≈ 75 K = T
∗, and sub-
sequently becomes negative below 60 K. Note that it can
be seen from Fig. 4(d) that, at T ∗, the system initi-
ates to undergo a transition from a nearly compensated
metal to a strongly electron dominated transport regime.
These results are consistent with the strong electron-hole
asymmetry found in the tunneling spectra below 75 K.
The cross-over phenomenon observed at T ∗ signals the
appearance of an incipient, but likely incomplete order-
ing mode. This is associated with an anisotropic evolu-
tion of the Fermi surface, as seen from the violation of
Kohler’s rule. Below T ∗∗, both, the validity of Kohler’s
rule as well as the direct visualization of a partial gap
in the local DOS suggest that the fluctuations of the or-
dering mode become more static upon reducing temper-
ature. The opening up of the partial gap in the DOS
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FIG. 4. (a) Kohler plot in the temperature range 20-120 K
displaying the validity of Kohler’s scaling below 30 K and
above 70 K. (b) Same data shown is panel (a), but on an en-
larged scale. The horizontal arrow is placed to emphasize that
T ∗ is different than Ts. (c) Hall resistivity ρxy in the temper-
ature range 12-100 K. (d) The temperature dependence of the
initial Hall coefficient RH→0 displays a clear deviation from
the compensated metal regime below T ∗ ≈ 75 K where spin
fluctuations become important.
points a scenario of a subtle onset of some type of charge
or orbital density wave that breaks the translational in-
variance of the lattice. Hence, it is clearly distinct from
the nematic phase transition at which only the rotational
symmetry of the lattice is broken. In the nematic state,
the occupancies n of the dxz / dyz orbitals are not equal
i.e., nxz 6= nyz. This may trigger a Peierls-type dimer-
ization. An early electron diffraction experiment [13] on
FeSe indeed reports that the actual symmetry of FeSe
below 20 K is lower than the Cmma space group. Since
the dimerization is expected to occur in the Fe-layer, its
effect can not be directly discernible in the Se-terminated
STM topographic image. The telltale sign of the order-
ing mode in both spin as well as charge channels ob-
served here indicate that FeSe is a spin-charge coupled
system. Theories for Fe-SCs based on Fermi surface nest-
ing predict possibilities of various types of spin-, charge-,
and orbital/pocket-density waves (SDW, CDW, PDW,
respectively), as well as their mutually orthogonal linear
combinations [38].
In conclusion, our STM, magnetization, and transport
data consistently show evidence for an onset and a nu-
cleation of an ordering mode. Although no long-range
magnetic order is observed in FeSe, our results strongly
suggest that spin fluctuations still play an important role
in determining the transport properties. The results sug-
gest an existence of some type of density wave, while its
exact nature remains an open problem. However, the
5spin degrees of freedom are coupled with it.
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